Absence seizures are characterized by cortical spike-wave discharges (SWDs) on electroencephalography, often accompanied by a shift in the firing pattern of thalamocortical (TC) neurons from tonic to burst firing driven by T-type Ca 2؉ currents. We recently demonstrated that the phospholipase C ␤4 (PLC␤4) pathway tunes the firing mode of TC neurons via the simultaneous regulation of T-and L-type Ca 2؉ currents, which prompted us to investigate the contribution of TC firing modes to absence seizures. PLC␤4-deficient TC neurons were readily shifted to the oscillatory burst firing mode after a slight hyperpolarization of membrane potential. TC-limited knockdown as well as whole-animal knockout of PLC␤4 induced spontaneous SWDs with simultaneous behavioral arrests and increased the susceptibility to drug-induced SWDs, indicating that the deletion of thalamic PLC␤4 leads to the genesis of absence seizures. The SWDs were effectively suppressed by thalamic infusion of a T-type, but not an L-type, Ca 2؉ channel blocker. These results reveal a primary role of TC neurons in the genesis of absence seizures and provide strong evidence that an alteration of the firing property of TC neurons is sufficient to generate absence seizures. Our study presents PLC␤4-deficient mice as a potential animal model for absence seizures.
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epilepsy ͉ gene knockdown ͉ knockout mice ͉ thalamus A bsence seizures are generalized nonconvulsive seizures characterized by a brief and sudden impairment of consciousness, concomitant with bilaterally synchronized spike-and-wave discharges (SWDs) in the electroencephalogram (EEG) over wide cortical areas (1) (2) (3) (4) . Abnormal hypersynchronized oscillatory activities in the thalamocortical network, consisting of feedforward and feedback connections between the cortex and the thalamus, have been implicated as an underlying mechanism for the generation of SWDs (5) (6) (7) (8) (9) . Some studies using rat models of absence seizures have suggested that the cortex plays a leading role in the generation of SWDs (10) (11) (12) (13) . Other studies support the hypothesis that massive thalamocortical synchronization is driven from recurrent oscillatory activities in the network between reticular thalamic nucleus (nRT) and thalamocortical (TC) relay nucleus (3, 8, 9, 14, 15) . A majority of these studies proposed a leading role for nRT neurons in the genesis of absence seizures. Relatively less attention has been directed on the role of TC neurons in the generation of SWDs. Thalamocortical network oscillations are often observed to be accompanied by a shift in the firing pattern of thalamocortical (TC) neurons from tonic to burst firing (16) . Low-threshold burst firing driven by T-type Ca 2ϩ currents in TC neurons has long been proposed to be a critical component in sustaining the oscillations during the SWDs (3, 8, 17) , although a controversy still remains (4, 18) .
Many studies have described spontaneous appearance of SWDs in the cortical EEG from rodent models for absence epilepsy (19) (20) (21) (22) (23) (24) . Some showed that T-type Ca 2ϩ currents were increased in the TC neurons of mutant mice with spontaneous absence epilepsy (25) (26) (27) . Our previous study showed that mice deficient for the ␣1G T-type Ca 2ϩ channel were resistant to the generation of SWDs in response to activation of type B gamma-aminobutyric acid (GABA B ) receptors (17) . Another study showed that ␣1G T-type Ca 2ϩ channels play a critical role in the genesis of spontaneous absence seizures that result from hypofunctioning P/Q-type channels, but also demonstrated that augmentation of thalamic T-type Ca 2ϩ currents is not an essential step in the genesis of absence seizures (27) . In contrast, a recent report showed that transgenic mice overexpressing the Cav3.1 gene for ␣1G T-type calcium channels in the whole brain exhibited spontaneous absence epilepsy, an observation that suggested a causal relationship between the elevation of ␣1G T-type calcium channel activity and absence epilepsy (28) . A limitation common to all these mouse models, however, is that the alteration of T-currents was not restricted to theTC relay nucleus but general to other brain regions including the cortex. This limitation makes it not possible to establish a conclusive link between a change in T-type Ca 2ϩ currents in TC neurons and the occurrence of SWDs.
PLC␤4 is highly expressed in TC neurons where it functions as a downstream signaling molecule of type 1 metabotropic glutamate receptors (mGluR1s), which mediate corticothalamic excitatory inputs (29, 30) . We recently reported that thalamic PLC␤4 pathway tunes the firing modes of TC neurons via simultaneous modulation of T-and L-type Ca 2ϩ channels. The amplitudes of both T-and L-type Ca 2ϩ currents were increased in PLC␤4-null (PLC␤4 Ϫ/Ϫ ) TC neurons, and activation of protein kinase C (PKC), a downstream signaling molecule of PLC␤4, reversed the increase in both of these Ca 2ϩ currents (31) . These observations prompted us to examine the role of TC firing modes regulated by thalamic PLC␤4 in the genesis of absence seizures.
We show here that TC-limited knockdown as well as wholeanimal knockout of PLC␤4 in mice induced spontaneous absence seizures and also increased the sensitivity to drug-induced absence seizures. Our data reveal a primary role for TC neurons in the genesis of absence seizures, providing evidence that an alteration in the firing properties of TC neurons caused by a disruption of a single gene is sufficient to induce absence seizures.
simultaneously with video monitoring of behavior. We observed high-amplitude fluctuations, SWDs, in the EEGs of PLC␤4 Ϫ/Ϫ mice while they were awake, phenomena that were never observed in wild-type littermates. The SWD activities in PLC␤4 Ϫ/Ϫ mice were bilaterally synchronized, and occurred simultaneously in the cortex and the thalamus (Fig. 1A and Fig. S1 ). Each episode of SWD was accompanied by a behavioral arrest (Movie S1). The SWD pattern of PLC␤4 Ϫ/Ϫ mice typically consisted of sharp, spike-like discharges and slow waves. On average, PLC␤4
Ϫ/Ϫ mice showed the number of SWD events of 87.9 Ϯ 8.8 per hour (range, 14-210; n ϭ 37) and an average SWD duration of 1.3 Ϯ 0.1 s (Fig.  1B) . Averaging the power spectrums of spontaneous SWD segments in PLC␤4 Ϫ/Ϫ mice by Fourier analysis revealed a peak SWD frequency of 7.8 Hz (range, 4-10 Hz; Fig. 1C ). Because SWDs have harmonic components, there were local peaks at frequencies 2-fold (15.6 Hz) and 3-fold (23.5 Hz) higher. The SWDs in PLC␤4 Ϫ/Ϫ mice dwindled substantially after an i.p. injection of ethosuximide (200 mg/kg), an anti-absence epilepsy drug (P Ͻ 0.05, paired t test; n ϭ 6), whereas injection of vehicle (0.9% NaCl) had no effect ( Fig. 1  A and D) . At the same dose, ethosuximide had no effect on the EEG pattern of wild-type mice (Fig. S1 ). Ϫ/Ϫ TC neurons in the generation of SWDs, we investigated the firing properties of TC neurons in VB region from brain slices. Here, we observed that the firing mode of PLC␤4 Ϫ/Ϫ TC neurons was easily shifted to lowthreshold burst firing after a series of tonic firings (15 of 21 cells), a finding that has not previously been observed in wild-type TC neurons (0 of 17 cells) ( Fig. 2 A and B) . We previously reported that mutant TC neurons showed an increased tendency for burst firing after a slight hyperpolarization (31) . Here, we further investigated the tendency for burst firing in wild-type and PLC␤4
Ϫ/Ϫ TC neurons with various hyperpolarizing steps. The difference was clear near the resting membrane potential (Fig. 2 C 
-E). PLC␤4
Ϫ/Ϫ TC neurons (n ϭ 21) generated low-threshold burst firing after hyperpolarizing steps between Ϫ67 and Ϫ64 mV, whereas none of wild-type TC neurons (n ϭ 17) did. There was no difference in the resting membrane potential [Ϫ60.24 Ϯ 5.63 mV (n ϭ 17) vs. Our previous study showed that mice lacking ␣1G T-type Ca 2ϩ channels were specifically resistant to GABA B R agonist-induced absence seizures (17) . To investigate the sensitivity of PLC␤4 Ϫ/Ϫ mice to GABA B R agonist, we used ␥-butyrolactone (GBL) known to induce absence seizures primarily by acting on GABA B receptors (32, 33) and RS(ϩ/Ϫ) baclofen, a selective GABA B receptor agonist (34) .
Although PLC␤4 Ϫ/Ϫ mice exhibited spontaneous SWDs before the injection of drugs, the total duration of SWDs per total recording time was relatively short ( 3C ). Averaged temporal power spectra exhibited a stronger power density in the 2-5-Hz frequency range corresponding to epileptic SWDs in GBLor baclofen-treated PLC␤4 Ϫ/Ϫ mice compared with drug-treated wild-type mice (Fig. 3 D and E) . These data indicate that PLC␤4 Ϫ/Ϫ mice are more susceptible to GABA B receptor agonist-induced absence seizures.
Silencing Thalamic PLC␤4 Using Short Hairpin RNA (shRNA) Induces Absence Seizures. A previous study using in situ hybridization techniques has reported abundant expression of PLC␤4 mRNA in the TC relay nuclei, whereas lower expression was observed in the overall cortical area and PLC␤4 mRNA was absent from layer IV (30) . We analyzed PLC␤4 expression in wild-type mice by immunostaining and confirmed that PLC␤4 protein was highly expressed in the TC relay nuclei (Fig. 4A1 , red signals) and PLC␤4 expression was low in the cortex (Fig. 4A2) . No expression of PLC␤4 protein was detected in PLC␤4 Ϫ/Ϫ mice (Fig. 4B) .
Because PLC␤4 is expressed in other brain regions, albeit at relatively low levels compared with the TC relay nuclei (Fig. 4A) , our results do not conclusively demonstrate that the absenceseizure phenotype of PLC␤4 Ϫ/Ϫ mice results from a deficiency of PLC␤4 in TC neurons and a consequent alteration in the firing pattern of TC neurons. To test the hypothesis that a PLC␤4 deficiency in the TC relay nuclei is responsible for the generation of the absence-seizure in PLC␤4 Ϫ/Ϫ mice, we tested whether selective knockdown of PLC␤4 in the TC relay nuclei would generate the absence-seizure phenotype. Lentiviral (LV) vectors carrying short hairpin RNA (shRNA) for PLC␤4 were generated and tested as described in ref. 35 . High-titer LV vectors expressing shRNA for PLC␤4 (LV-shPLC␤4) were injected into the TC relay nuclei to knockdown PLC␤4 expression locally; mice injected with pLKO vectors (expressing nonspecific shRNA) were used as a control group. PLC␤4 immunostaining was substantially reduced in LV-shPLC␤4-infected neuronal cells in a wide range of TC relay nuclei (Fig. 4D) , whereas neuronal cells infected with control virus showed normal PLC␤4 expression (Fig. 4C) . The optimal effect of shPLC␤4 on PLC␤4 expression was observed 4 weeks after virus injection. DAPI staining confirmed that the neurons were intact (Fig. 4 C and D) , indicating that sh-PLC␤4 efficiently reduced endogenous PLC␤4 expression without damaging thalamic neurons.
EEGs of PLC␤4 ϩ/ϩ mice injected bilaterally with virus stocks were recorded before and after injecting RS(ϩ/Ϫ)-baclofen. Posthoc staining confirmed the site of viral-vector injection and PLC␤4 expression levels. Only EEG data from mice in which thalamic PLC␤4 expression was clearly knocked down were used for further analysis. Spontaneous SWDs were observed in 7 of 12 mice injected with LV-shPLC␤4 (Fig. 5A ) and averaged 7.3 Ϯ 2.0 SWDs per hour (range, 3-17 SWDs/h, Fig. 5B ). In contrast, none of the nine mice injected with pLKO-control showed any evidence of spontaneous SWD-like patterns on EEGs (Fig. 5A ). In addition, administration of RS(ϩ/Ϫ)-baclofen induced a greater duration of SWDs in PLC␤4 ϩ/ϩ mice infected with LV-shPLC␤4 than in those infected with pLKO-control (P Ͻ 0.005 or P Ͻ 0.01, Fig. 5C ). These data indicate that the absence-seizure phenotype of PLC␤4 Ϫ/Ϫ mice was primarily due to the deletion of thalamic PLC␤4.
Intrathalamic Injection of a PKC Activator or a T-Type Ca 2؉ Channel
Blocker, but Not an L-type Ca 2؉ Channel Blocker, Reduces SWDs. We recently observed that the amplitudes of both T-and L-type Ca 2ϩ currents were increased in PLC␤4 Ϫ/Ϫ TC neurons, resulting in a marked change in TC neuron firing pattern (31) . In that study, we showed that this phenotype was primarily due to down-regulation of PKC activity in TC neurons, without the changes in input resistance or resting membrane potential, and could be readily reversed by activating PKC. To examine whether alteration of the firing pattern of PLC␤4 Ϫ/Ϫ TC neurons via down-regulation of the PKC pathway is responsible for the generation of spontaneous SWDs, we focally injected phorbol 12,13-didecanoate (PDD), a PKC agonist, into the TC relay nuclei. PLC␤4 Ϫ/Ϫ mice microinjected with PDD (10 pmol) showed a substantial decrease in the number of SWDs compared with baseline recordings (P Ͻ 0.05; paired t test), whereas those injected with vehicle (0.9% NaCl) exhibited no change in SWDs (Fig. 6 A and B) .
To verify the role of thalamic T-and L-type Ca 2ϩ channels in the generation of SWDs, we injected mibefradil, a T-type Ca 2ϩ channel blocker, or nifedipine, an L-type Ca 2ϩ channel blocker, into the same target area in the thalamus and recorded EEGs. We recently showed that nifedipine increases the tonic firing rate, but does not affect burst firing in TC neurons (31) . The injection of mibefradil (1 nmol) reduced the occurrence of SWDs (P Ͻ 0.005), whereas nifedipine (1 nmol) had no effect (Fig. 6B) , indicating that T-type Ca 2ϩ currents in TC neurons contributed to the generation of the absence-seizure phenotype in PLC␤4 Ϫ/Ϫ mice. These data strongly indicate that the down-regulation of thalamic PKC and the resulting increase in overall propensity for burst firing with enhanced T-type Ca 2ϩ currents primarily contribute to the genesis of SWDs in PLC␤4 Ϫ/Ϫ mice.
Discussion
In this study, we addressed the question on the role of TC neurons, especially their firing properties, in the genesis of absence seizures. The observation that silencing PLC␤4 in TC relay nuclei using shRNA induced absence-seizure phenotypes strongly supports the hypothesis that the absence-seizure of PLC␤4 Ϫ/Ϫ mice is primarily due to the lack of PLC␤4 in TC neurons. SWDs are generalized over wide cortical areas, requiring a massive synchronization of the thalamo-cortico-thalamic loop. Some studies proposed a leading role of the cortex in the generation of SWDs (10) (11) (12) . In one such study using GAERS, a genetic rat model of absence seizures, infusion of ethosuximide into the cortex produced an immediate cessation of SWDs (13) . Others suggested that thalamic synchrony, between nRT and TC neurons, reinforce larger thalamocortical networks into synchronized oscillations (3, 8, 9, 14, 15) . Most of these studies advocated a central role of nRT neurons in generating SWDs. The role of TC neurons in the generation of SWDs has received less attention. Here, we showed that deleting PLC␤4 in TC relay nuclei induces an absence-seizure phenotype that includes the appearance of spontaneous SWDs and concomitant behavioral arrests. The frequency of spontaneous SWDs was approximately 8 Hz, a value similar to the frequencies of spontaneous absence seizures reported in other genetic models (21) (22) (23) (24) 27 ). Our results thus establish an animal model for absence seizures driven specifically by an anomaly in the TC neurons.
Our results strongly support that T-type Ca 2ϩ channels in TC neurons play a critical role in the genesis of SWDs in the mice. Low-threshold burst firing in TC neurons driven by T-type Ca 2ϩ currents has long been thought to be critical in the thalamocortical network oscillations (3) . Previous studies suggested that the increased T-type Ca 2ϩ currents were related to the generation of absence seizures based on the observation on mutant animals exhibiting spontaneous absence epilepsy (25, 26) . Our previous studies showed that ␣1G T-type Ca 2ϩ channel-deficient mice were resistant to GABA B receptor agonist-induced SWDs (17) and that an ␣1G-null mutation abolished the SWDs of ␣1A Ϫ/Ϫ and ␣1A tg/tg mice and markedly reduced SWDs in ␤4 lh/lh and ␥2 stg/stg mice (27) , indicating that ␣1G T-type Ca 2ϩ channels play a critical role in the genesis of absence seizures. Furthermore, a recent study reported that augmentation of T-type Ca 2ϩ currents by transgenic overexpression of ␣1G T-type Ca 2ϩ channels in the whole brain was sufficient to generate spontaneous SWDs (28) . However, the alteration of T-currents in these mouse models was not restricted to the TC relay nucleus but general to other brain regions. This limitation bred a controversy over the role of T-type Ca 2ϩ channels in TC neurons in the genesis of SWDs (4). In fact, low-threshold burst firings in TC neurons have been rarely observed during SWDs in recordings in vivo from rat and cat absence seizure models (18, 20, 36) . Here, we showed that infusion of mibefradil, a T-type Ca 2ϩ channel blocker, into the TC relay nuclei substantially suppressed the SWDs in PLC␤4 Ϫ/Ϫ mice, indicating that T-type Ca 2ϩ channels in TC neurons play a role in the genesis of SWDs in these mice. Because mibefradil has been reported to block other voltage-gated Ca 2ϩ channels including L-and R-type Ca 2ϩ channels and sodium channels at high concentrations (37), we could not completely exclude the possibility that the other channels were partly involved in the mibefradil effect. However, the nifedipine infusion experiments supported that the mibefradil effect was at least not by blocking L-type Ca 2ϩ channels at the concentration used in this study. Here, we also observed that the SWDs were reduced by infusion of a PKC agonist into the TC region, which is consistent with our previous finding that a PKC agonist, but not an inactive structural analog, reversibly decreases T-type and L-type Ca 2ϩ currents (31) . PKC regulation and interaction site on T-type Ca 2ϩ channels have been reported, although it is still controversial if PKC up-regulates or down-regulates T-type Ca 2ϩ channels (38) . These observations support that T-type Ca 2ϩ channels in TC relay nuclei play a critical role in the generation of absence seizure in mutant mice.
Most of the studies cited above focused on the positive correlation between the enhanced peak amplitude of T-type currents and occurrence of SWDs. In contrast, one of our previous studies demonstrated that there was no quantitative difference in the severity of SWDs between absence seizure mouse models with different numbers of the ␣1G alleles (␣1G ϩ/Ϫ vs. ␣1G ϩ/ϩ ) although their TC neurons exhibited 75% vs. 150% of T-currents compared with wild-type TC neurons (27) . This study suggested that ␣1G T-type Ca 2ϩ currents are critical, but the augmentation of them is not essential, in the genesis of absence seizures. In the same study, the kinetics of T-type currents, recorded in one of the epileptic animals, was not substantially different from those recorded in wild-type animals (3). The afore-mentioned two transgenic mice overexpressing ␣1G T-type Ca 2ϩ channels also showed no change in the kinetics of T-current whereas the peak current densities were nearly doubled (28) . In contrast, PLC␤4 Ϫ/Ϫ mice showed the altered kinetics of T-type currents and the peak current density was increased by approximately 50% compared with wild-type mice (31) . PLC␤4 Ϫ/Ϫ TC neurons exhibit an increased propensity for burst firing especially near the resting membrane potential that would have resulted from the decreased steady-state inactivation of T-type channels. Such alterations in the kinetics of T-type currents would enable mutant TC neurons to easily shift their firing mode to burst firing in response to small excitatory as well inhibitory inputs, which normally would not cause low-threshold burst firing (Fig. 2) . Interestingly, a previous study reported that synaptosomalassociated protein (SNAP-25)-deficient mouse mutant, Coloboma, developed severe absence seizures with elevated thalamic T-type Ca 2ϩ currents (26) . In this study, they also observed a reduced steady-state inactivation of T-type Ca 2ϩ currents in TC neurons, a finding consistent with our observation in the PLC␤4 mutant. It is also interesting to note that the deletion in the Coloboma mutant mouse includes the genes for PLC␤1 and PLC␤4. These observations would suggest that the increased propensity for burst firing in TC neurons may contribute critically to the generation of SWDs. Therefore, our current study provides insight into the role of T-type channels in the genesis of absence seizures.
In this study, we could not clearly distinguish between the effects of easy generation of burst firing and of the increased number of spikes in a burst on the generation of SWDs because blocking T-type Ca 2ϩ channels would eliminate the burst firing of TC neurons. Burst firing in TC neurons has been implicated in sustaining physiological and pathological oscillations including sleep spindles and SWDs (3, 8) . Therefore, increased number of spike in PLC␤4 Ϫ/Ϫ TC neurons may contribute to sustaining the oscillations in the thalamocortical circuit during SWDs. One could argue that up-regulation of T-currents is due to an increase in T-type channel expression via compensatory actions. Our recent study showed that a PKC agonist, but not an inactive structural analog, reversibly decreases T-type and L-type Ca 2ϩ currents within minutes of application (31) . The present results also demonstrate that the SWDs were significantly reduced by acute infusion of a PKC agonist into the TC region. Together, these findings support the notion that the up-regulation of T-current was not caused primarily by a changed expression level of T-type channels due to developmental or compensatory changes, because the expression level could not be reversed within minutes. On the other hand, it could not be completely excluded that a general reduction of excitation from cortical inputs due to the lack of PLC␤4 in TC neurons might contribute to the phenotype observed in the PLC␤4 Ϫ/Ϫ mice. We observed that an acute infusion of a T-type channel blocker into the TC region reduced SWDs in addition to the distinct change in transition between tonic to burst firing mode in mutant TC neurons following the given stimuli. These observations laid more weight on that the changes in TC firing modes would primarily contribute to the absence seizure phenotype in PLC␤4 Ϫ/Ϫ mice.
PLC␤4 Ϫ/Ϫ mice showed an increased susceptibility to GABA B R agonist-induced SWDs in addition to showing spontaneous SWDs. GABA B receptors in TC neurons induce hyperpolarization of membrane potential for a long enough time to de-inactivate T-type Ca 2ϩ channels, which would induce low-threshold burst firing.
